Using the recently developed state-of-the-art empirical bond-order potential (LCBOPII), presented in the companion paper [Los et al., Phys. Rev. B 72, 214102 (2005)], we study liquid carbon by Monte Carlo simulation. We determined the equation-of-state and local structure over a wide range of temperatures (4000-15 000 K) and pressures (up to 300 GPa). Comparison of the equation-of-state and local structure along the 6000 K isotherm with benchmark ab initio molecular dynamics data shows that LCBOPII provides accu rate predictions. The local coordination varies gradually from mixed two-and three-fold, via dominantly threefold, to mainly fourfold with increasing temperature and pressure. This provides evidence that there is no liquid-liquid phase separation as confirmed by the regular behavior of the pressure-density relations along the isotherms in the range of 5000-15 000 K. We provide an accurate fit of the pressure-temperature-density equation-of-state that may serve as a reference for future studies of liquid carbon.
I. INTRODUCTION
T he liquid phase of carbon provides one of the m ost se vere benchm arks for accuracy and transferability of the longrange carbon bond-order potential (LCBO PII) introduced in the com panion paper. 1 T he ability o f carbon of having tw o fold (sp), threefold (sp2), and fourfold (sp3) coordinated at om s m akes this elem ent relevant in different fields o f funda m ental science and technology. This is also the m ost challenging property of this elem ent, in the perspective of the design o f transferable and accurate potentials. T he b o n d order potentials (BOPs) introduced in the past2 -5 proved to b e not sufficiently transferable to describe the liquid phase over a w ide range in tem perature (T) and pressure (P ). Some o f those potentials show ed spurious first order liquid-liquid phase transitions (LLPT) associated w ith a change of do m i nant coordination. It has long been suspected that elem ental carbon m ight exhibit a L L PT . 6 , 7 C lassical sim ulations8 based on the B renner bond-order potential w ith torsional term s2 , 3 predicted a L L P T from a tw ofold to a denser, fourfold coor dinated liquid upon com pression, w ith the liquid-liquid co existence line starting at a m axim um in the graphite m elting line and ending in a critical point. T he short-range potential o f R ef. 4 (REBO ) and the short-range potential (CBO P) p re sented in Ref. 5 show 9 a transition to a graphitelike liquid along the 6000 K isotherm . Subsequent m ore accurate den sity functional theory based m olecular dynam ics (DFM D) sim ulations1 0 , 1 1 did not show a LLPT, indicating that the p re dicted L L P T is spurious and should be attributed to short com ings o f the em ployed BOPs.
R ecently im proved B O Ps have been introduced. A IR E B O and A IR E B O II o f R efs. 12 and 13, and the potential in tro duced by u s 1 1 (LCBOPI+) do not yield a LLPT. T he design o f LCBOPI+, an extension of an earlier potential introduced by som e o f u s, 5 is extensively discussed in the com panion paper. 1 T he LCBOPI+ w as used in previous studies o f the carbon phase diagram 1 4 and the structural properties o f the liq u id. 1 1 Still, the liquid structure o f the LCBOPI+ w as not com pletely satisfactory and further im provem ents w ere in troduced as described in the com panion paper, 1 yielding the L C B O PII. L C B O P II has been validated to som e experim en tal data, albeit at less extrem e conditions than those o f the liquid state. For exam ple, in the com panion p ap er1 w e have show n that L C B O P II reproduces accurately experim ental data for the reconstructed 111 diam ond surface. N ote also that L C B O P I+, w hich is related to L C B O PII, reproduces the experim ental graphite-diam ond m elting accurately. 1 4 T he purpose o f the present paper is tw ofold. First, w e will com pare the L C B O P II liquid w ith density functional theory based m olecular dynam ics (DFM D ) sim ulations and sim ula tion data from the literature. N ote that no reliable experim en tal data are available at these extrem e conditions, i.e., a tem perature o f 6000 K and pressures from ~1 to ~1 5 0 GPa. T he present paper is organized as follow s. In Sec. II we describe the sim ulation m ethods em ployed, b oth for the clas sical potentials (i.e., the L C B O P II and the L C B O P I+) and for D FM D . In Sec. III w e describe the equation o f state [EOS, P = P (p ,T )] of liquid carbon, and propose a polynom ial fit for the EO S. In Sec. IV w e present the distribution o f sp-, sp 2-, and s p 3-coordinated sites over a w ide range o f densities and tem peratures. O ur analysis show s an im pressive agree m ent w ith the reference data. Subsequently, in Sec. V we present the radial distribution functions (rdfs) at several den sities and tem peratures. W e discuss both total rdfs and partial rdfs for atom s w ith specific coordinations. In Sec. V I we briefly report the behavior o f the angular distribution func tions at different state points. Sections III-V I are naturally split into two parts, the first com paring L C B O P II w ith refer-ence data, and the second w ith properties for state points not extensively covered in literature. W e conclude in Sec. VII w ith a b rief summ ary, conclusions, and an outlook.
II. METHODS
A ll the sim ulations w ith the LC B O PII are perform ed u s ing the M etropolis M onte C arlo (M C) algorithm , in the co n stant volum e, num ber o f particles, and tem perature (NVT) ensem ble. System s consisted o f 128 and 1000 atom s in a periodically replicated cubic box. T he initial configurations w ere generated starting from a cubic arrangem ent that was m elted at the highest probed tem perature (15 000 K ). S ubse quently, the tem perature for the system s w as fixed at seven values (15 000, 10 000, 8000, 7000, 6000, 5000, and 4500 K ), and the system s w ere equilibrated for 5 X 105 M C m oves per particle, follow ed by a production run o f 106 M C m oves per particle. T he 128 particles sam ples w ere used to com pare the results o f the L C B O P II w ith calculated D FM D data or w ith data taken from literature. T he 1000-particle M C sim ulations w ith L C B O P II w ere used to generate the b ulk of the data presented in this paper. The local structure of the liquid, i.e., the coordination fractions, and the radial and an gular distribution functions show a negligible dependence on the system size. H ow ever, som e collective properties, such as pressure and internal energy, show a sm all but non-negligible system size dependence. Typically, the 128-and 1000-particle system s show a pressure difference o f 3% and an internal energy difference o f 0.3% . W e selected 15 densities3 4 ranging from 3.99 X 103 to 1.73 X 103 k g /m 3. The low est density w as chosen to be near the graphite m elting lin e. 1 4 T he pressure w as calculated via virtual volum e d is placem ents. If V is the volum e o f the sam ple, its potential energy is UV at a given configuration. T he energy o f the sam ple rescaled to a volum e V ' is then UV> . In the lim it of V ' / V^ 1, and w ith V' fixed as w ell as V, it holds:
for the L C B O PII. Subsequently, keeping the pressure fixed, the coexistence tem perature for the L C B O P II can b e deter m ined using 14, w ithout repeating the full, laborious, calculation. T he follow ing relation yields the difference in chem ical potential for the two potentials at a given ( P , T) state point:
w here (-■ )I+ denotes the N PT ensem ble average w ith the LCBOPI+, and ¡3= 1/kBT. If w e apply this to a state point on the LCBOPI+ freezing line w here both coexisting phases have equal chem ical potential ( A j + = 0 ) , w e obtain the chem ical potential difference A J 1 betw een the tw o phases w here (T r n ) is the ensem ble average o f the sum o f the diagonal elem ents of the stress tensor n . 2 3 P corr is a correc tion term accounting for the fact that only the bonding en ergy and not the (total) K ohn-S ham energy is converged for a plane-w ave basis set usually em ployed in D FM D sim ula tion: this gives rise to a spurious contribution to the virial, know n as the Pulay stress. 2 4 This contribution acts as a dow nw ard shift. To correct for the Pulay stress, w e p er form ed short sim ulations at each density, at E cut= 120 Ry, for w hich the total energy is alm ost converged and P corr~ 0. P corr at E cut= 3 5 R y is then the difference in ( 1 /3 T r n ) b e tw een the sim ulations at 35 and 120 R y plane-w ave cutoff energy.
III. EQUATION OF STATE
A. Comparison 
B. Predictions
In Fig. 2 w e have plotted the pressure-density curves of the L C B O P II for seven isotherm s from 4500 to 15 000 K. A lso the estim ated coexistence line is plotted. In the stable region all curves show a regular m onotonic increase o f the slope o f the curve. In the undercooled region w e observe for the 4500 and 5000 K isotherm s, in a sm all density region around 3.3 X 1 0 3 k g /m 3, a decrease of the slope. For L C B O P I+ this w iggling o f the pressure-density curve w as a pronounced feature at 6000 K and associated w ith a rapid sw itching of the dom inant coordination from three-to four fold. F or L C B O P II the sam e coordination change occurs in the w iggling region, around 3.3 X 103 k g /m 3, o f the 4500 and 5000 K isotherm s (see below ). Table I and are obtained by m inim izing the square o f the difference betw een the calculated and fitted pressures. The functional form is fully em pirical and designed to have a m inim um num ber of param eters needed to describe all the features o f the data points. T he fit could possibly be em ployed outside the region o f calculated state points. A reasonable extension for the den sity w ould be a range betw een ~1 .5 X 1 0 3 and ~ 4.5 X 1 0 3 k g /m 3. T he polynom ial fit reproduces the w iggling o f the 45oo and 5000 K isotherm s for the undercooled liquid. It is tem pt ing to explore the behavior o f the fit at low er tem peratures, beyond the region of calculated state points. A t these tem peratures the liquid is even m ore undercooled. W ith d ecreas ing tem peratures the w iggles becom e m ore pronounced, yielding an inflection point w ith zero slope in the P -p plane for the 1230 K isotherm at 3.66 X 103 k g /m 3, and 41.74 G Pa. This behavior is typical for the critical isotherm . A t low er tem peratures, the isotherm s of the fit function show a van der W aals loop, indicating a first-order phase transition associated w ith a density change. H ow ever, in our sim ula tions the system freezes below 4000 K, especially at densi ties higher than 3 X 103 k g /m 3. H ence it w ould b e rather speculative to propose the presence o f a liquid-liquid phase transition. Still it m ight be interesting to explore the under- cooled liquid by considering a (much) larger system size and perform ing careful annealing to see if a scenario sim ilar to that o f liquid water, w ith its speculated liquid-liquid phase transition hidden in the glass region, 2 5 -2 7 w ould appear.
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IV. COORDINATION A. Comparison
T he local coordination o f atom s is determ ined by count ing neighbors using the sm oothed cutoff functions defined for the L C B O PII. Specifically, w e em ployed the follow ing cu to ff radii: atom s closer than 0.17 nm to a given atom are counted as its integer neighbors, atom s further than 0 . 2 2 nm are not counted, and atom s in betw een are partially counted, by m eans o f the cu to ff function S ' N>wn defined in the com pan ion paper. 1 T his im plies that a coordination fraction equal to, e.g., three can be given also by two integer and tw o partial In Fig. 4 w e show the average coordination fractions at several tem peratures. For clarity tw o-, three-, four-, and five fold coordination fractions are show n in different panels, re spectively, from top to bottom . T he fraction o f sixfold coor dinated atom s w as negligible at all sim ulated state points. O nefold coordinated atom s appear only in a sm all am ount (a few percent) at the low est densities, and are not shown. C on sidering the density dependence, w e observe, for all tem pera tures, that the atoms are mainly two-and three-fold coordi nated in the low density region, with the twofold sites gradually replaced by three-and four-fold sites upon increas ing density. At 6000 K the two-and three-fold fractions match around p=1.73 X 103 k g /m 3. Note that the maximum of the threefold fraction is at p -2.75 X 103 k g /m 3 for all temperatures. The threefold sites are replaced by fourfold sites over a relatively short density range around p=3.4 X 103 k g /m 3. The fivefold fraction only appears with a sig nificant fraction in the high-density region and shows a marked temperature dependence. This is related to the stron ger temperature dependence of the fourfold fraction in the high-density region.
V. RADIAL DISTRIBUTION FUNCTION A. Comparison
In Fig. 5 we present the radial distribution functions (rdfs) g(r) obtained for the LCBOPII, LCBOPI+, and DFMD at four selected densities along the 6000 K isotherm. Taking DFMD as a reference, we see that LCBOPII is a major im provement with respect to the LCBOPI+. In particular the minimum between the first and second shell is now properly described. Here we should note that the rdf and the coordi nation fractions at p=3.75 X 103 k g /m 3 were used as a test system in the development of the potential. The figures also show that LCBOPII reproduces the DFMD values for the peak positions, and the height of the second and third peak. Only the first-peak height is slighly overestimated by LCBOPII, consistent with the fact that LCBOPII showed larger values for the higher coordination numbers (Fig. 3) . Figure 6 compares the LCBOPII rdfs for a liquid at 2.9 X 103 k g /m 3 at four different temperatures with 64-atom DFMD data from Ref. 30 , calculated using the local density approximation (LDA) functional. This figure makes clear that, up to 12 000 K, also the temperature dependence is well reproduced by LCBOPII. The temperature dependence is typical for a liquid: the peak heights decrease with increasing temperature, while minima increase, indicating a gradual loss of structure. It is striking that all the curves cross at the same points where the rdf equals 1. In fact, at -0.165, -0.230, and -0.285 nm, the value of the rdf is 1, regardless of the temperature.
B. Predictions Figure 7 shows radial distribution functions for a wide range of densities at 6000 K. We see that the position of the first peak is rather constant, whereas the position of the sec ond peak moves markedly inwards with increasing density. This is consistent with the findings of other DFM D3 0 and tight binding3 1 calculations of liquid carbon, and is also seen in simulations of other covalently bonded liquids. 3 2 The height of the first peak decreases significantly when the den sity goes from 1.73 X 103 to 2.79 X 103 k g /m 3. This should be attributed to the change in the coordination pattern, going from mixed two-and three-fold to mainly threefold. Upon further increase of the density it keeps the same height. In contrast, the second peak height increases gradually upon increasing density, while the dip between these two peaks smoothly decreases.
C. Partial radial distribution functions
We performed a further analysis of the liquid structure by examining the spatial correlation between the positions of carbon atoms with a specific coordination. We determined partial radial distribution functions (prdfs) g j( r ) , defined as the probability of finding a j -fold site at a distance r from an i-fold site. We have found some dependence of the prdfs on the value of the cutoff radii used in the definition of neigh bors. However, important features such as the positions of peaks and minima, and the relative height of the peaks inside the same g j, appear to be rather independent of the cutoff radii. The results we present are obtained using the same definition of cutoff radius given in Sec. IV.
In Figs. 8 and 9 we show the partial radial distribution functions at 6000 K at two selected densities. A t a density of 1.73 X 103 k g /m 3 the dominant coordinations are two-and three-fold both appearing with an equal fraction. Radial distribution functions at 6000 K and four selected densities for the LCBOPII. Density 1.73 and 3.99 X103 kg/m3 are, respectively, the lowest and the highest sampled. At the lowest density twofold and threefold are present with the same fraction. Density 2.79 X 103 kg/m3 shows the maxi mum in the fraction of threefold coordinated atoms. Density 3.44 X 103 kg/m3 has almost the same amount of three-and four-fold sites. These same densities are analyzed in their angular distribution functions (Fig. 10) , two of them in their partial distribution func tions (Figs. 8 and 9 ).
2.00 X 103 k g /m 3 and 5000 K. The prdf among twofold co ordinated atoms (g22), apart from the first peak arising from nearest neighbors, is rather structureless. This suggests that there are hardly any straight chains of three or more subse quent twofold coordinated carbons. Conversely, a second and a third peak in the radial distribution appear among the three fold coordinated atoms (g33). The prdfs of Fig. 8 suggest the liquid structure to be a mixture of short bent chains and rings that are often mutually connected: this picture is supported by a visual inspection of liquid configurations. Some of the chains end at a onefold site. The relatively large first peak of g 3 4 shows that the small fraction of fourfold coordinated at oms is mainly bonded to threefold coordinated atoms. Occa sionally there appear isolated dimers and bent trimers, as can be inferred from g 1 1 (not shown) and visual inspection.
At the higher density of 3.44 X 103 k g /m 3 the dominant coordinations are three-and four-fold, both almost equally represented. Figure 9 shows substantial structure for all prdfs with almost equal peak heights, indicating good mixing among three-and four-fold coordinated atoms. For g 4 4 the position of the first two peaks and minima coincide with those of diamond. Also the ratio of the heights of the first two peaks, ~1 .6 , is similar to that of diamond. These obser vations are consistent with the observation of Ref. 11 that a mainly fourfold coordinated liquid has a diamondlike struc ture up to the second shell of neighbors. The positions of the first peak and minimum of g 3 3 are slightly but noticeably smaller than those of g 44. The small differences among the prdfs in the positions of peaks and minima should be attrib uted to differences in bond length for sp 2 and s p 3 type of bonding.
At the highest density considered (3.99 X 103 k g /m 3) the liquid is mainly fourfold coordinated with a small fraction of three-and five-fold coordinated atoms. The prdfs at this den sity (not shown) reveal a local diamondlike structure for the fourfold coordinated atoms, and show that the three-and five-fold coordinated atoms are mainly connected to fourfold coordinated atoms.
The partial distribution functions at temperatures above and below 6000 K (not shown here) have a temperature de pendence similar to that of the total rdfs (Fig. 6 ) , with in creasing temperature, peaks tend to flatten and broaden, but in such a way that the radial positions of the extrema are preserved. 
VI. ANGULAR DISTRIBUTION FUNCTION
The angular distribution function g (3)(cos(0)) is deter mined as the distribution of the cosine of angles between bonds to neighboring atoms. Again, we should keep in mind that there is some arbitrariness in the definition of neighbor ing atoms: we used the same definition specified in Sec. IV. The angular distributions for LCBOPII agree very well with our DFM D9,11 results, for which we could use the same defi nition of cutoff radius as for the LCBOPII. Compared to LCBOPI+, this is a significant improvement as the results of Ref. 11 showed that there was only a qualitative agreement between LCBOPI+ and DFMD, with LCBOPI+ underesti mating the presence of sub 90° structures. The improvement of LCBOPII over LCBOPI+ should be attributed to the soft ening of the angular part in the potential giving a lower energy for fourfold coordinated structures at small angles. Figure 10 shows the angular distributions at 6000 K at the same four densities of Fig. 7 . At highest density (3.99 X 103 k g /m 3) the angular distribution is peaked near the tet rahedral angle [cos(0) = -0 .3 ], typical for diamond. Decreas ing the density to 1.73 X 103 k g /m 3 the peak position moves towards a value cos(0) --0 .5 , i.e., the angle typical for graphite. For all densities the distribution near the peak is rather symmetric with a Gaussian-like shape. Note also that the distributions are broad, and cover angles from 50° to 180°. At 1.73 X 103 k g /m 3 the tail at small angles features a local maximum around 50°. We relate this peak, that has also been observed in our9,11 as well as in earlier DFMD simulations,28,30 to nearly equilateral triangular structures. These peculiar triangular structures, that are present at all densities, occasionally merge in pairs in a rhomboidal struc ture. It is remarkable that LCBOPII is also able to recover this feature.
We also determined the angular distribution of bonds to the second neighbors. A t 6000 K, the most prominent feature is a peak at 60° which appears also prominently in the angu lar distribution of graphite and diamond. Together with an average coordination of 12 s neighbors for the highest den sity considered this suggests, as earlier noticed by us,11 that metastable liquid carbon has a diamondlike structure.
VII. CONCLUSIONS
In summary, in this paper we showed the performance for liquid carbon of the recently introduced LCBOPII.1 We ex plicitly compared the equation of state, the coordination frac tion, and the radial distribution function of the LCBOPII with reference data from density functional based simula tions. We extended the analysis of the liquid in regions of pressure and temperature not covered from other reference data. On the basis of the equation of state, the coordination fractions, the radial distributions function, and the angular distribution functions, we show the extreme accuracy and transferability of the LCBOPII. Looking at the calculated equation of state, we argue that a (first order) liquid-liquid phase transition could only be found in a deeply undercooled liquid. It is not clear if these conditions can ever be reached. In simulations, this would at least require a very large system size and a careful cooling from a stable liquid. On the basis of the partial radial distribution function at a density where three-and four-fold sites are equally present, we provide a further argument against a phase separation: the alikeness of the partial radial distribution functions suggest, at 6000 K, a negligible strain energy amongst atoms of three-and four fold coordination.
The present results are a first application of LCBOPII in studies of condensed phase carbonic materials under extreme conditions. It is well suited for the study of various other types of carbonic materials. Future extensions of LCBOPII could involve the incorporation of other elements such as hydrogen, oxygen, nitrogen, and various metals. This would open the way to the study of advanced nanosized materials. J H. Los, L. M. Ghiringhelli, E. J. Meijer, and A. Fasolino, preceding paper, Phys. Rev. B 72, 214102 (2005).
